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Abstract. An intercomparison of terrestrial photovoltaic (PV) calibrations was performed among a number of
European calibration and testing laboratories that participated in the European Metrology Research Program
(EMRP) project “PhotoClass”. The purpose of this intercomparison was to evaluate the comparability of
calibration and testing services within the stated uncertainties of the individual laboratories. The calibration
objects were two world photovoltaic scale (WPVS)-type reference solar cells, one made from crystalline silicon
and one made from GaAs. The calibration value (CV) was the short circuit current under standard test
conditions (ISTC). In conclusion, it was found that the CVs are all consistent within the stated uncertainties.
This result strengthens the reliance in the calibration chain and in the PV calibration infrastructure in Europe.
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pen Access article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproductionessential for strengthening confidence in PV technology as
a reliable source of energy. The calibration chain links the
industrial production via calibration and testing laborato-
ries to national metrology institutes (NMI) and hence to
the SI units. The most crucial measure for PV traceability
is the short-circuit current under standard test conditions
(ISTC) since it correlates directly to the irradiance
conditions defined in the IEC 60904-3 standard [1]. Various
methods have been developed to calibrate PV devices. The
most common are the use of pulsed or steady-state solar
simulators [2–4], natural sunlight [3,5] and spectral
methods such as the differential spectral responsivity
(DSR) method [6–8]. In principle, the calibration value
(CV) of the PV device should be independent from the
method if traceability is assured and if all necessary
corrections are applied. However, every method, every
correction procedure and each individual facility lead to
different measurement uncertainties, which have to bemons Attribution License (http://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
Fig. 1. Picture of the calibration objects ENG55-S-05 (left) and
ENG55-S-08 (right).
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measurement uncertainty to the CV of the PV device under
test (DUT). In order to validate calibration facilities,
intercomparison campaigns are performed to compare CVs
of a common unknown set of PV devices [9–13].
Here, we show the results of such an intercomparison that
was conducted within the European Metrology Research
Programme (EMRP) project “PhotoClass”. Within “Photo-
Class” project the participating calibration and testing
laboratories upgraded their facilities to performenergy-rating
related measurements. The intention of this intercomparison
was the final assessment of these facilities in regard to
calibration at standard test conditions (STC), to be used then
as reference point for the energy-rating measurements.
2 Calibration objects
The calibration objects were two reference solar cells in
WPVS [14] design labeled ENG55-S-05 and ENG55-S-08
(see Fig. 1). The ENG55-S-05 ismade from aGaAs solar cell
without any front glass, the ENG55-S-08 is made from a
crystalline n-type silicon solar cell with glass cover
encapsulation. In a previous study, reference devices
identical in construction were investigated regarding long-
term stability of the short-circuit current under enhanced
UV-exposure and proved to be stable <0.10% [15]. For
crosschecking the long-term stability of the reference cells
used here, both calibration objects were calibrated at the
beginning and at the end of the round robin by the
coordinator laboratory#1. The CV for ENG55-S-08 de-
creased by 0.16% and for ENG55-S-05 by 0.20%. However,
since both observed changes are within the stated reproduc-
ibilityof0.20%ofthecalibration facilityof laboratory#1, the
reference solar cells can be considered to be stable.
3 Instrumentation of participating
laboratories
In this section, the calibration facilities and calibration
procedure of the participating laboratories will be outlined.
3.1 Laboratory#1
The calibration facility of laboratory#1 is a DSR facility.
The monochromatic irradiance is generated by a tunablelaser system and a monochromator system followed by an
imaging optics generating a uniform illumination of the
DUT. The DUT is simultaneously illuminated with white
bias light generating bias irradiance levels from 0 to
1100W/m2. The absolute DSR of the DUT is measured at
different bias irradiance levels in order to determine the
non-linearity of the DSR. The spectral responsivity (SR) as
well as the ISTC is then derived mathematically from the
DSR measurements using the tabulated AM1.5G spectral
irradiance from [1]. The reference detector is a calibrated
photodiode traceable to SI via the cryogenic radiometer at
Physikalisch-Technische Bundesanstalt (PTB) in
Germany.
3.2 Laboratory#2
The calibration facility of laboratory#2 is a steady-state
solar simulator (Class AAA). The two reference cells
(DUTs) were calibrated against another c-Si PV reference
cell, which is traceable to the world radiometric reference
(WRR) and SI irradiance scales establishing the world
photovoltaic scale (WPVS). The reference cell and each
DUT were consecutively placed into the exact same
position on the test plane, thereby eliminating contribu-
tions from spatial non-uniformity of the simulated
sunlight. The short-circuit current was measured with a
dedicated transimpedance amplifier. The spectral mis-
match (IEC 60904-7) [16] was corrected based on the
spectral irradiance of the solar simulator as measured with
a spectroradiometer traceable to SI irradiance scale via a
standard lamp calibrated at the National Physical
Laboratory (NPL) in the United Kingdom. The SR of
the two DUTs was measured according to IEC 60904-8 [17]
with a dedicated set-up against a c-Si reference cell
calibrated in SR at PTB.3.3 Laboratory#3
Laboratory#3 uses an indoor calibration procedure with a
Pasan 3b pulsed sun simulator (Class AAA). The primary
calibrated reference with traceability to PTB and the DUT
are mounted close to the optical axis of the simulator. Both
devices are stabilized to (25±0.5) °C using an active
temperature control system. The spectral response of the
DUT is measured using the pulsed sun simulator with a set
of bandpass filters. Short-circuit current measurements at
(1000±3)W/m2 are performed close to the zero-crossing
over 9ms of the simulator’s plateau. The spectral output of
the sun simulator is measured simultaneously using a
calibrated CCD spectrometer. Irradiance and mismatch
corrections are applied to determine the short-circuit
current at STC conditions.3.4 Laboratory#4
The calibration procedure in this laboratory is based on a
steady-state sun-simulator with a spectral mismatch
correction to determine the IV-curve under STC. The
DUT is kept at 25 °C during the measurements (SR and IV-
measurement). The spectral response measurement is
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ability is realized with reference cells/diodes calibrated at
PTB.
3.5 Laboratory#5
Laboratory#5 uses a Pasan 3b pulsed light solar simulator
to measure the IV-curve of PV devices. The reference and
DUT are stabilized at 25 °C using room temperature
control. The spectral output of the solar simulator is
measured in situ using a calibrated CCD spectroradiometer
with traceability of the standard lamp to the National
Institute of Standards and Technology (NIST) in the
United States of America. The SR of samples is measured
using a filter-based set-up with the DUT controlled at
25 °C. The internal reference photodiode is calibrated using
a reference cell with traceability to the European Solar Test
Installation at Joint Research Center of the European
Commission (JRC-ESTI). A mismatch correction is
applied to determine the IV-curve at STC conditions.
3.6 Laboratory#6
The calibration facility of laboratory#6 is a DSR and IV
facility. At theDSR facility, themonochromatic irradiance is
generated by a xenon/halogen lamp system and amonochro-
mator in combination with optical filters followed by an
imaging optics generating a uniform illumination on the
DUT. The DUT is simultaneously illuminated with white
bias light with irradiances from 0 to 1100W/m2. The relative
DSRoftheDUTismeasuredatdifferentbias irradiance levels
in order to determine the non-linearity of the DSR. The
relative (non-differential) SR is derivedmathematically from
the DSR data using the tabulated AM1.5G spectral
irradiance. The relative SR curve of the DUT is used to
calculate the spectral mismatch correction factor which is
then used at the IV facility to determine ISTC. The IV facility
comprises a steady-state xenon/halogen lamp system
(classified to AAA) with a built-in spectroradiometer. The
determined ISTC-value is used to scale the relative differential
and relative non-differential SR curves to absolute units. The
references of both facilities are WPVS-type solar cells
calibrated at PTB.
3.7 Laboratory#7
The indoor calibration procedure is based on a side-by-side
comparison with a primary calibrated WPVS-type c-Si
reference cell. The measurements are performed with a
Pasan 3b pulsed solar simulator (Class AAA) at an
irradiation level of 1000W/m2. Diffuse light in the test area
is avoided by use of baffles in the beamof light. Both cells are
installed close to the optical axis and connected to precision
shunt resistors, which operate the cells near short-circuit
conditions (voltage drop 20–30mV). During the flash pulse
the signals of the DUT and the reference device are recorded
simultaneously with a transient recorder and the average
signals during the 8ms plateau are calculated. Finally, the
resulting value of the DUT is spectrally and irradiance
corrected by referencing the data of the reference device.3.8 Laboratory#8
The calibration facility of laboratory#8 is a pulsed solar
simulator Pasan 3C (class AAA). Measurement of the cells
ISC is determined from the I–V curve that is measured on a
time scale of 10ms and at an ambient temperature of
(25±1) °C. The irradiance at 1000W/m2 is monitored by a
reference cell that is placed in the same plane as the DUT.
The Si reference cell is calibrated by Fraunhofer-Institut
für Solare Energiesysteme ISE.
3.9 Laboratory#9
The calibration facility of laboratory#9 is a DSR facility.
The monochromatic irradiance is generated by a xenon/
halogen lamp system and a double-monochromator
system followed by an imaging optics generating a
uniform illumination of the DUT. The DUT is simulta-
neously illuminated with white light bias generating Bias
irradiance levels from 0 to 1100W/m2. The absolute DSR
of the DUT is measured at different Bias irradiance level
in order to determine the non-linearity of the DSR. The
SR as well as the ISTC is derived mathematically from the
DSR measurements using the tabulated AM1.5G spectral
irradiance from [1]. The reference is a calibrated
photodiode traceable to SI via the cryogenic radiometer
at PTB.
4 Measurement results
The measurand for this intercomparison is the CV of the
short-circuit current under STC, which are ESTC=1000
W/m2 total irradiance, 25 °C solar cell temperature and
AM1.5G reference solar spectral irradiance distribution
defined in IEC 60904-3 [1]. Additionally, a comparison of
themeasurement results for the relative SR srel(l) is shown.
These SRs have been used for spectral mismatch correction
[16,18] of the short-circuit current as measured by all
methods other than DSR. The spectral mismatch correc-
tion must be applied to the CV of a solar cell, if either the
spectral irradiance distribution of the light source El(l)
differs from the AM1.5G spectral irradiance El,ref(l) or
the relative SR of the DUT sDUT(l) differs from the
relative SR of the reference srel(l). This spectral mismatch
correction (SMM) factor is calculated by the following
formula:
SMM ¼ ∫lEl;refðlÞ⋅srefðlÞdl
∫lElðlÞ⋅srefðlÞdl
⋅
∫lElðlÞ⋅sDUTðlÞdl
∫lEl;refðlÞ⋅sDUTðlÞdl
:
ð1Þ
The output of this spectral correction is the CV
assigned to the DUT by each laboratory. This is valuable
information since the spectral mismatch correction is a
dominant uncertainty contribution if the relative SR of the
reference device and the DUT differ significantly and if the
spectrum used for measurement is not well matched to the
AM1.5 reference spectrum [18].
Fig. 2. Comparison of the calibration values for the GaAs
reference solar cell.
Fig. 3. Comparison of the calibration values for the c-Si reference
solar cell.
Fig. 4. Absolute En numbers of the individual calibration values
with respect to the weighted mean according to ISO17043.
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The CVs CVi and the assigned expanded uncertainties U
(CVi) were submitted by the participating laboratories to
the coordinator laboratory#1 for data treatment. From
these CVs the weighted mean and the expanded uncer-
tainty of the weighted mean were calculated [19,20]. Since
the coordinator laboratory contributes two measurements
(#1a, #1b) to the intercomparison, the weights of both
measurements were multiplied by a factor of 0.5:
CV w ¼
Xn
i¼1
CV iwi
 !Xn
i
wi; ð2Þ
withwi ¼ U CV ið Þ2; ð3Þ
U CV wð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1
1
U CV ið Þ2
q : ð4Þ
Then the individual measured CVs were normalized to the
weighted mean.
To check the consistency of the CVs, the individual En
numbers according to ISO/IEC 17043 [21] were calculated
following::
En;i ¼ CV i  CV wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U CV ið Þ2 þ U CV wð Þ2
q : ð5Þ
If |En|  1 the measurements can be considered as
consistent within their stated uncertainties.
4.2 Short-circuit current (ISTC)
In Figures 2 and 3 the measured values normalized to the
weighted mean are shown. The error bars denote the
expanded uncertainty of the individual CVs. The long-
dashed lines denote the expanded uncertainty of the
weighted mean according to equation (4). Please note that
the stated measurement uncertainties of laboratory#1,
laboratory#2 and laboratory#9 are significantly lower
than those of the other laboratories. Hence, the value of the
weighted mean is dominated by these three laboratories.The 1.04% standard deviation of the CVs of GaAs is
slightly higher compared to the 0.81% of the c-Si reference
solar cell. This most likely results from higher intrinsic
measurement uncertainties related to a higher impact of
the spectral mismatch correction on the CV, whenmethods
other than DSR are used.
The |En| values according to equation (5) are shown in
Figure 4. All En values are smaller than 1 and hence these
calibrations can be considered consistent within their
stated uncertainties. Please note that the high En values of
laboratory#1, #2 and #9 result mainly from their low
stated uncertainties. In accordance to the Bureau Interna-
tional des Poids et Mesures (BIPM) recommendations for
Consultative Committee for Photometry and Radiometry
(CCPR) key comparisons, the data analysis can be
performed introducing a cutoff value for the uncertainty
in order to reduce the effect of CVs of laboratories with the
lowest uncertainties on the weighted mean CV. This
Fig. 5. The lower graphs show the measured SRs s(l) of the
different laboratories normalized to s(600 nm). The upper graphs
show the relative deviation to measurement of the pilot
laboratory#1.
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only had a negligible effect on the intercomparison results
discussed above.
4.3 Relative SR
In context to the CVs of the ISTC of the two reference
devices, most of the participating laboratories additionally
submitted the relative SR. A comparison of these measure-
ments is of additional value since the SR measurement is
together with the spectral irradiance measurement an
input quantity for spectral mismatch calculations.
Measurement uncertainties of the SR measurement
propagate into measurement uncertainties of the spectral
mismatch correction factor [18] and hence of the CV of
the ISTC.
The lower graphs of Figure 5 show the measured SRs
s(l) of the different laboratories normalized to s(600 nm).
The upper graph shows the deviation relative to the
measurement of coordinator laboratory#1, which was
agreed to represent the reference measurement. Unfortu-
nately, no En numbers could be derived for these
measurements since some submitted data lacked stated
uncertainties for the SR measurement.
Generally, the agreement of the SR measurements can
be considered to be good and sufficient for SMM.
Exemplary spectral mismatch correction factor calcula-
tions were performed using the formula (1) [15]. In thiscase, El,ref(l) is the AM1.5G spectral irradiance, for El(l)
a typical spectral irradiance of an AAA pulsed solar
simulator was taken, for sref(l) the relative spectral
irradiance of the ENG55-S-08 device and for sDUT(l) the
relative spectral irradiance of the ENG55-S-05 device was
taken for the individual laboratory. The maximum
difference of the resulting SMM factors was found to be
0.21%, which can be considered to be the impact of an SR
measurement uncertainty via the spectral mismatch
correction factor on the CV for this particular case. This
magnitude agrees well with the observed 1.04% standard
deviation of the CVs of the GaAs DUT where spectral
mismatch correction is of major importance compared to
the 0.81% of the c-Si DUT where spectral mismatch
correction is only of minor importance (if a c-Si reference
was used).5 Conclusion
A round-robin intercomparison on the calibration of the
short-circuit current under STC of a c-Si and a GaAs
reference solar cell was performed. Among the participat-
ing calibration laboratories different methods and instru-
mentation were applied, mainly pulsed solar simulators,
steady-state solar simulators and the DSR method. Each
laboratory evaluated the measurement uncertainty of the
CV according to its internal procedures. According to the
derived En values all CVs can be considered consistent
within the stated uncertainties. Hence, international
equivalence of traceable calibration of PV devices can be
stated. This result strengthens the reliance in the
calibration chain and in the PV calibration infrastructure
in Europe.
The research work leading to this article was carried out within
the EMRP ENG55 project “Towards an energy-based parameter
for photovoltaic classification” (PhotoClass). The EMRP is
jointly funded by the EMRP participating countries within
EURAMET and the European Union.References
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